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Abstract Regulation of ion channels is central to the mecha-
nisms that underlie immediate acute physiological responses
to changes in the availability of molecular oxygen (O2). A
group of cation-permeable channels that are formed by tran-
sient receptor potential (TRP) proteins have been character-
ized as exquisite sensors of redox reactive species and as ef-
ficient actuators of electric/ionic signals in vivo. In this review,
we first discuss how redox-sensitive TRP channels such as
TRPA1 have recently emerged as sensors of the relatively
inert oxidant O2. With regard to the physiological significance
of O2 sensor TRP channels, vagal TRPA1 channels are mainly
discussed with respect to their role in respiratory regulation in
comparison with canonical pathways in glomus cells of the
carotid body, which is a well-established O2-sensing organ.
TRPM7 channels are discussed regarding hypoxia-sensing
function in ischemic cell death. Also, ubiquitous expression
of TRPA1 and TRPM7 together with their physiological rele-
vance in the body is examined. Finally, based upon these
studies on TRP channels, we propose a hypothesis of BO2
remodeling.^ The hypothesis is that cells detect deviation of
O2 availability from appropriate levels via sensors and adjust
local O2 environments in vivo by controlling supply and con-
sumption of O2 via pathways comprising cellular signals and
transcription factors downstream of sensors, which conse-
quently optimize physiological functions. This new insight
into O2 adaptation through ion channels, particularly TRPs,
may foster a paradigm shift in our understanding in the bio-
logical significance of O2.
Keywords TRP channels . Oxygen . Hypoxia . Vagus .
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Introduction
Molecular oxygen (O2) is an essential substrate for life, be-
cause of its role in the generation of adenosine triphosphate
(ATP) which is a major source of energy in aerobic organisms.
It is therefore fundamental that aerobic organisms sense and
respond to hypoxia (low O2 environments), thus allowing
them to adapt to variable habitats and physiological situations.
Physiological responses to hypoxia can be classified into im-
mediate acute (~s) and later (subacute to chronic) forms (~m
to h). Later responses depend at least in part on hypoxia-
inducible transcription factors (HIFs) [91, 112], which deter-
mine the expression of numerous gene-encoding enzymes,
transporters, and growth factors. Immediate acute responses
relymainly on adaptive changes mediated byO2-regulated ion
channels, which regulate cell excitability, contractility, and
secretory activity. Respiratory and cardiovascular systems
can adjust themselves rapidly to maintain O2 delivery to the
most critical organs, such as the brain and heart. As early as
1868, Pflüger recognized that hypoxia stimulates respiration
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[79], which spurred a search for O2-sensitive receptors within
the brain and at various sites in the peripheral circulatory sys-
tem. Jean-Francois Heymans and his son, Corneille Heymans,
reported that stimulation of breathing by hypoxia is a reflex
triggered by the carotid bodies (CBs) located at the bifurcation
of the common carotid arteries [37]. Chemosensory inputs
from CBs are carried within the glossopharyngeal nerves to-
ward the medullary centers, which generate stimuli to change
the respiratory pattern. With regard to the mechanisms under-
lying hypoxia-sensing in the CBs, it is generally accepted that
hypoxia inhibits K+ channels to depolarize chemoreceptor
glomus cells, leading to the activation of voltage-dependent
Ca2+ channels and exocytosis [115]. However, the exact chan-
nel subtypes and direct mediators responsible for hypoxia-
sensing remain controversial [61].
The physiological significance and hypoxia-sensing mech-
anisms of the non-CB chemoreceptors remain unclear and
represents an important area that requires much further re-
search. Recently, a major advance in our understanding of
the function of non-CB chemoreceptors came with the identi-
fication of transient receptor potential (TRP) cation-
permeable channels, which have exquisite sensitivity to redox
reactive species. Among this group of TRP channels, the
TRPA1 channel has emerged as a sensor in non-CB chemo-
receptors to detect deviation of O2 availability (hypoxia and
hyperoxia) from normoxia in vivo [81, 101]. Given that
TRPA1 channels are predominantly expressed in vagal and
sensory neurons, the responses to mild hypoxia are attribut-
able mainly to vagal nerves themselves or lung airway
neuroepithelial bodies (NEBs) and aortic bodies (ABs) inner-
vated by vagal nerves [115]. These findings further suggest
that there are different O2-signaling mechanisms that respond
to varying degrees of hypoxic stimulus. Thus, studies on the
redox-sensitive TRP channels opened up a new avenue for
studying O2-sensing organs and the O2 environment that is
formed within our body.
What are redox-sensitive TRP channels?
The cellular redox status depends on a balance between the
levels of intracellular antioxidants and redox reactive species,
including reactive oxygen and nitrogen species and other elec-
trophilic molecules. It was generally understood that the dis-
ruption of cellular redox homeostasis by excessive production
of redox reactive species leads to oxidative damage to mem-
brane lipids, proteins, and DNA [15]. However, in the past
two decades, several lines of evidence have suggested that
redox reactive species also serve as signaling molecules that
regulate biological and physiological processes [26].
One particular group of TRP channels function as exquisite
sensors of redox reactive species and as efficient actuators of
electric and ionic signal in vivo [52]. The TRPM2 channel, the
first identified redox-sensitive TRP channel, is activated
indirectly by H2O2 through the production of nicotinamide
adenine dinucleotide and its metabolites, ADP-ribose and cy-
clic ADP-ribose [35, 78]. Accumulated evidence indicates
that TRPM2 mediates H2O2-activated Ca
2+ influx that medi-
ates cell death [35] and irradiation-activated Ca2+ influx that
causes irreversible loss of salivary gland function [59].
TRPM2 also mediates H2O2-activated Ca
2+ or cation influx
that drives insulin secretion in pancreatic β-cells [104, 107].
Furthermore, studies using Trpm2 gene knockout (KO) mice
have revealed that H2O2-activated Ca
2+ influx through
TRPM2 contributes to innate immune responses via chemo-
kine production in monocytes [119], neutrophil adhesion dur-
ing myocardial ischemia/reperfusion injury [39], and NLRP3
inflammasome activation in macrophages [122].
In addition to the indirect redox-sensing mechanism that
involves TPRM2, direct sensing through cysteine (Cys) mod-
ification has emerged as a prominent mechanism underlying
activation of various TRP channels [103]. Oxidative modifi-
cations of Cys residues by H2O2, nitric oxide (NO), and reac-
tive disulfides have been demonstrated for TRPC5 [120],
which was originally identified from the mouse brain as a
receptor activated Ca2+-permeable cation channel linked to
phospholipase Cs [74, 80]. NO and reactive disulfides directly
modify Cys residues (Cys553 and Cys558) located on the N-
terminal side of the pore-forming region between S5 and S6
transmembrane helices via S-nitrosylation and disulfide ex-
change reactions, respectively, in mouse TRPC5. In vascular
endothelial cells, TRPC5 activation induced by NO via
nitrosylation enhances Ca2+ influx, which induces NO pro-
duction by endothelial type NO synthase (eNOS) [120]. This
raises the possibility that TRPC5 mediates a positive feedback
loop of NO production upon vasodilator stimulation in vascu-
lar endothelial cells [28, 120]. Interestingly, TRPC5 is also
activated by the reducing agent dithiothreitol and
extracellular-reduced thioredoxin [118]. The closest relatives
of TRPC5 are TRPC1 and TRPC4, as well as thermosensor
channels TRPV1, TRPV3, and TRPV4, which carry Cys res-
idues corresponding to Cys553 and Cys558 on TRPC5 pro-
tein [120]. Indeed, these channels are targets of nitrosylation
that leads to channel activation. TRPV1 also shows sensitivity
to phenylarsine oxide and allicin from garlic through covalent
modification of Cys residues located in the C-terminal and N-
terminal regions [12, 87].
More recently, the TRPA1 channel has been shown to open
upon oxidative Cys modification by pungent compounds and
inflammatory mediators [38, 62, 102]. Originally identified
TRPA1 activators are pungent natural compounds that include
cinnamaldehyde, allyl isothiocyanate, andα,β-unsaturated al-
dehydes from plants such as mustard, onion, cinnamon, and
wasabi, and the pungent garlic compound allicin (these com-
pounds are potentially susceptible to the nucleophilic attack at
the sulfhydryl group of Cys residues), cold temperature, re-
ceptor stimulation, and cannabinoids [5, 7, 47, 63, 97]. Later
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examinations of various noxious compounds finally led to the
understanding that electrophilic pungent compounds that co-
valently modify Cys residues through mechanisms such as
Michael addition, are commonly potent activators of TRPA1
channels [38, 62].
Considering the distinct redox reactivity of each oxidizing
chemical species, particular redox sensitivity of TRP channels
should be quantified in terms of sensitivity to these species.
This was attained through systematic comparison of the re-
sponses of redox-sensitive TRP channels with a congeneric
series of reactive disulfides, which show different electron
acceptor (oxidation) abilities indicated as redox potentials that
are obtained using rotating disc electrode voltammetry [101].
TRP channel activity was correlated with redox potentials of
reactive disulfide stimuli, revealing threshold redox potentials
for respective TRPs (Fig. 1). Strikingly, among the TRPs test-
ed, only TRPA1 responded to inert oxidants/electrophiles with
a redox potential of −2950 mV. The redox potential of O2
(−2765mV) is less negative than the threshold redox potential
for TRPA1 (approximately −3400 mV) but is more negative
than these for the other channels investigated, suggesting that
TRPA1 is activated by O2 (a weak oxidant) to function as a
hyperoxia sensor. Indeed, only TRPA1 responded to
hyperoxic solutions prepared by bubbling with O2 gas in a
concentration-dependent manner [101]. Thus, among TRP
channels, TRPA1 has the highest oxidation sensitivity, which
enables TRPA1 to respond to an inert oxidant such as O2.
TRPA1 as an O2 sensor
In higher animals, particularly mammals, the respiratory and
cardiovascular systems must rapidly adjust themselves to
maintain O2 delivery to the most critical organs, such as the
brain and heart. In mammals, it is understood that the CBs
detect changes in partial O2 pressure (PO2) through K
+ chan-
nel activities in arterial blood [30, 71, 115]. Sensory and vagal
afferent neurons, which project nerve endings throughout the
body, have also been proposed to detect hypoxia in organs,
such as the airway, lungs, and heart, under ischemia and other
conditions of low O2 supply [17, 32, 41, 60]. However, the
characteristics and mechanisms of hypoxia detection by non-
CB chemoreceptors including sensory and vagal neurons,
have yet to be fully defined [60]. Recently, a major advance
in our understanding of the function of non-CB chemorecep-
tors came with the demonstration that the TRPA1 channel,
which is expressed in non-CB chemoreceptors is capable of
detecting changes in O2 availability in vivo [81, 101].
As described above, systematic evaluation of TRP chan-
nels using reactive disulfides with different redox potentials
led to our finding that TRPA1 can sense O2 [101]. Notably,
Cys oxidation is not the only mechanism that underlies O2
sensing in TRPA1 channels. Indeed, hypoxic solutions pre-
pared by bubbling with N2 gas induce robust TRPA1 re-
sponses; TRPA1 activation shows an inverted bell-shaped
O2-dependence curve with a minimum at PO2 of 137 mmHg
(18 %), which is slightly below the atmospheric PO2 of
152 mmHg (20 %).
O2 sensing by TRPA1 is based upon disparate processes,
such as proline (Pro) hydroxylation by Pro hydroxylases
(PHDs) and direct oxidation of Cys residues [101] (Fig. 2).
During normoxia, PHDs hydroxylate conserved Pro394 with-
in the 10th ankyrin repeat domain of human TRPA1 to inhibit
its activity. During hypoxia, the decrease in O2 concentration
diminishes PHD activity, relieving TRPA1 from the inhibitory
action of Pro hydroxylation to lead to its activation. This re-
covery of TRPA1 activity is likely dependent on the insertion
of fresh, unmodified TRPA1 proteins into the plasma mem-
brane or an unidentified dehydroxylation of modified proteins
through an unidentified molecular mechanism. During
hyperoxia, O2 activates TPRA1 by oxidizing Cys633,
Cys856, or both. Cys633 and Cys856 are located within the
17th ankyrin repeat domain and the intracellular linker region
between S4 and S5, respectively, in human TRPA1. TRPA1
can take at least two oxidized forms during hyperoxia: a rela-
tively unstable oxidized state (state 1) readily reversed by
glutathione and a relatively stable oxidized state (state 2).
Sulfhydryl groups on the key Cys residues (Cys633 and
Cys856) may be modified to sulfenic acid (S-OH) in state 1
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Fig. 1 Threshold redox potentials for activation of redox-sensitive TRP
channels
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and form disulfide bonds (S-S) in state 2. This oxidation
mechanism overrides the inhibition by Pro hydroxylation to
activate TRPA1.
In mice, exposure to hyperoxic (100 % O2) or hypoxic (10,
13, and 15 % O2) gas via a tracheal cannula significantly
enhances discharges of afferents in the cervical vagal trunk
and in the superior laryngeal vagal branch innervating the
mucosa of the larynx, as shown by a multifiber neurogram.
However, disruption of the Trpa1 gene abolishes the enhance-
ment of nerve discharges by hyperoxia and mild hypoxia
(15 % O2) and delays that by severe hypoxia (10 and 13 %
O2) [101]. Notably, TRPA1 antagonism abolishes the respira-
tory responses to mild hypoxia (13 % O2) but not to severe
hypoxia (7 % O2) in conscious mice [81]. These findings raise
possibility that there are different O2 signaling mechanisms
that respond to varying degrees of hypoxic stimulus. In mild
hypoxia, the respiratory responses appear to be crucially de-
pendent on TRPA1 channels, as TRPA1 antagonism abolishes
the response. Given that TRPA1 channels are predominantly
expressed in vagal and sensory neurons [68], it is possible that
the responses to mild hypoxia are attributable mainly to non-
CB chemoreceptors including vagal nerves, NEBs, and/or
ABs in mice. Conversely, during severe hypoxia, the respira-
tory responses may be more dependent on hypoxia-sensitive
K+ channels in the CBs, with little involvement of the TRPA1
system, in agreement with studies using Trpa1-deficient mice
[101]. The finding of O2 sensitivities of TRPA1 underscores
the importance of non-CB chemosensitive mechanisms in
hypoxic respiratory responses in mammals.
TRPM7 as another O2 sensor candidate among TRP
channels
TRPM7 is an important candidate O2 sensor. This TRP chan-
nel is characterized by its unique Bchanzyme^ structure com-
prising the kinase domain as well as the transmembrane ion
channel pore permeable to cations such as Mg2+, Ni2+, Zn2+,
and other trace metals [65, 67, 84]. Tymianski’s group origi-
nally demonstrated activation of TRPM7 by anoxic condition
using cultured neurons subjected to oxygen-glucose depriva-
tion [1]. ROS and RNS have been suggested to mediate this
mode of TRPM7 activation. In our systematic evaluation of
different redox-sensitive TRP channels, we also observed that
TRPM7-like TRPA1 is activated by application of hypoxic
solution prepared by bubbling N2 gas [101]. Anoxia/
hypoxia-induced activation of TRPM7 plays an important role
in non-excitotoxic ischemic brain injury [99], in which large
reductions in extracellular divalents, acidosis, and oxidative
stress are induced [58, 94, 95]. All these conditions potentiate
TRPM7 activity, although TRPM7 conducts only a few pA of
inward currents under physiological pH levels, extracellular
Ca2+ and Mg2+ concentrations, and low oxidative stress [53,
67, 84, 114]. The C-terminal kinase domain excised from the
channel domain has been implicated in the cell death process
[18, 54].
Wide expression of TRPM7 suggests its general biological
importance shared by different types of cells [67, 84]. After it
was reported that disruption of TRPM7 in DT-40 B cell lines
affect their survival [67, 90], evidence has been accumulating
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for the involvement of TRPM7 in proliferation and metastasis
of various forms of cancer cells [33, 34, 45, 123]. TRPM7 also
regulates a variety of basic cellular responses, such as cell
adhesion [13, 72], polarization [89], migration [13, 113], and
volume regulation [73]. Moreover, TRPM7 is essential for
embryonic development before day 7.5 of embryogenesis
and for T cell growth needed for thymopoiesis [46]. In regu-
lating these cellular responses, particularly in proliferation,
Mg2+ permeation that controls cellular Mg2+ homeostasis
and downstream phosphoinositide 3-kinase is likely an impor-
tant function of TRPM7 channels [67, 86, 90]. Thus, assum-
ing that hypoxia-induced activation is the common feature
shared by TRPM7 channels in different tissues and cell types,
it is possible that decreases in local O2 levels in vivo by chang-
es in body architecture, during development, and changes in
climate, can modulate TRPM7 function to modify ionic ho-
meostasis and/or downstream signaling cascades.
Activation of TRPC6 by hypoxia [116] and its underlying
mechanism, which may contribute to extension of the concept
above, will be discussed elsewhere in this Special Issue.
Ubiquitous expression of O2 sensor TRP channels (TRPA1
and TRPM7)
TRPA1, originally named p120, was first cloned from fibro-
blasts by Jaquemar and colleagues when a novel mRNA was
discovered in fibroblasts but was completely absent in SV40-
transformed cells and mesenchymal tumor cell lines [44]. The
most interesting feature of TRPA1 with many ankyrin repeats
(ranging from 15 to 18 repeats) was intriguing to the investiga-
tors at that time owing to the fact that the only known similarity
in structure belonged to an insect toxin called latrotoxin.
Although the structure conformed to the general structure of
TRP channels, phylogenetic analysis revealed it to be distant
Table 1 Expression of TRPA1 in neuronal cells and tissues, function, and method of detection, shown in chronological order
Expressed in cell and tissue Function (including
suggested function)
Species Method of detection Reference Year
Dorsal root ganglion neurons Noxious cold sensor,
thermosensation
Rat, mouse Northern blotting, in situ
hybridization, calcium
imaging, electrophysiology
Story et al. [97] 2003
Sympathetic superior cervical
ganglion neurons
Sole cold sensor,
thermosensation
Murine Calcium imaging Smith et al. [96] 2004
Trigeminal neurons (C-fibers) Nociception, sensory Rat In situ hybridization,
immunohistochemistry
Kobayashi et al. [51] 2005
Dental primary afferents Thermosensation Rat Immunohistochemistry,
single-cell RT-PCR, whole-cell
recordings
Park et al. [77] 2006
Geniculate ganglion Somatosensory or gustatory
function, nociception,
thermosensing
Rat RT-PCR, in situ hybridization Katsura et al. [49] 2006
Primary sensory neurons Mechanosensory transduction,
nociception
Rat Quantitative PCR,
immunofluorescence staining,
cystometry
Du et al. [20] 2007
Lung afferent fibers Respiratory, nociception Mouse Single-cell RT-PCR, whole-cell
patch-clamp recordings
Nassenstein et al. [70] 2008
Masticatory muscle afferent
fibers
Craniofacial muscle
nociception, mechanical
hyperalgesia
Rat Immunohistochemistry,
behavioral studies
Ro et al. [83] 2009
Trigeminal sensory afferents,
spinal dorsal horn
Nociception Rat Electron microscopy,
immunohistochemistry
Kim et al. [50] 2010
Nodose, jugular and
petrosal ganglions
Putative somatic, chemo-
and somato-sensation,
somato and visceral
sensation
Rat In situ hybridization Hondoh et al. [40] 2010
Inhibitory motorneurons
of the intestine
Inhibition of spontaneous
neurogenic contractions
and transit of colon
Mouse RT-PCR, immunofluorescence,
calcium imaging
Poole et al. [82] 2011
Dura Headache Mouse Immunohistochemistry Huang et al. [42] 2012
Vestibular ganglia Vestibular function, vertigo Rat RT-PCR, in situ hybridization,
immunohistochemistry, calcium
imaging
Kamakura et al. [48] 2013
Vagina epithelium, wall nerve
fibers
Neurotransmission Human Immunohistochemistry, RT-PCR Uckert et al. [108] 2015
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from the currently known TRPs, thus prompting it to be placed
as a separate subfamily [44]. The group also observed that the
TRPA1 gene expression was relatively low and difficult to de-
tect with northern blot analysis and required more sensitive
polymerase chain reaction (PCR) technology. Despite this,
TRPA1 was detected in numerous tissues [44] and was con-
firmed later in subsequent studies (Tables 1 and 2).
The function of TRPA1 became evident 4 years later where
TRPA1 was shown to mediate sensation of noxious and pain-
ful cold and to be expressed in the dorsal root ganglion (DRG)
neurons. TRPA1 co-localizes with TRPV1 (a heat-sensing
TRP channel) expressing sensory neurons rather than
TRPM8-positive sensory neurons, indicating separate cold-
sensing modalities [97]. This was particularly interesting as
TRPM8 is different from TRPA1 in responding to mild cold
temperatures as well as to different sets of organic compounds
[97]. Since its discovery, TRPA1 has been reported in most
sensory neurons targeting vital organs (see the non-extensive
Table 1 below for TRPA1 expression in neuronal populations
and nociception) [20, 40, 42, 48–51, 70, 77, 82, 83, 96, 97,
108]. To date, TRPA1 has been also detected in non-neuronal
cells such as hair cells of the ear, urethra, skin, olfactory epi-
thelium, dental pulp, uvea, vagina, and pulmonary epithelial
cells, and this list is still growing (Table 2) [3, 4, 8, 9, 11, 14,
19, 22, 31, 55, 56, 64, 66, 69, 105, 106]. In 2004, Corey and
colleagues proposed the idea that, TRPA1 may be involved in
mechanosensation in the hair cell epithelia [14]. A follow-up
study nearly half a decade later performed by the same group
showed later however that TRPA1 KOmice exhibited normal
vestibular function, normal startle reaction following loud au-
ditory stimuli and normal hearing [55].
TRPM7 was first cloned from the rat brain library.
Ryazanova and colleagues investigated deletion of the
TRPM7 kinase domain in mice [85]. They showed that ho-
mozygous mice with TRPM7 lacking the protein kinase do-
main (denoted as TRPM7Δkinase) were embryonically lethal,
Table 2 Expression of TRPA1 in non-neuronal cells and tissues, function, and method of detection, shown in chronological order
Expressed in cell and tissue Function (including
suggested function)
Species Method of detection Reference Year
Hair cell of the ear Hair cell transduction,
mechanosensation (debated)
Zebrafish, mouse In situ hybridization, siRNA Corey et al. [14] 2004
Urethra Tone of urethral preparations,
afferent and efferent sensory
signaling of the human
outflow region
Human Western blotting,
immunohistochemistry,
functional in vitro
investigations
Gratzke et al. [31] 2009
Skin Keratinocyte differentiation,
inflammation
Human Quantitative PCR, microarray Atoyan et al. [4] 2009
Developing cochlea Normal cochlear function Mouse Quantitative PCR Asai et al. [3] 2010
Olfactory epithelium Olfactory chemosensation,
Olfactory adaptation,
olfactory–trigeminal interaction,
olfactory epithelium fluid
homeostasis.
Mouse Immunohistochemistry Nakashimo
et al. [69]
2010
Dental pulp fibroblasts Thermosensation Human RT-PCR, western blotting,
immunohistochemistry
Karim et al. [22] 2011
Lung fibroblasts and
epithelial cells
Pathogenesis of airway diseases Human Calcium imaging Mukhopadhyay
et al. [66]
2011
Pancreatic beta cells Insulin secretion Rat Immunohistochemistry,
RT-PCR, western blotting,
calcium imaging
Cao et al. [9] 2012
Astrocytes in the
superficial laminae
of trigeminal
caudal nucleus
Inflammation Rat Immunoelectron microscopy Lee et al. [56] 2012
Olfactory bulb Olfactory transduction Mouse RT-PCR Dong et al. [19] 2012
Pulmonary epithelial cells Inflammation Human, Porcine Immunohistochemistry Buch et al. [8] 2013
Peridontal ligament cells Mechanoreception Human DNA microarray Tsutsumi et al. [106] 2013
Odontoblasts Sensing membrane stretching,
low-temperature stimulation
Rat Immunohistochemistry Tsumura et al. [105] 2013
Digestive system,
enteroendocrine cells
Secretion possibly to aid
digestion
Mouse In situ hybridization,
Immunofluorescence
staining
Cho et al. [11] 2014
Uvea Thermosensation Human Quantitative PCR, calcium
imaging
Mergler et al. [64] 2014
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while TRPM7Δkinase heterozygous mice showed impaired
magnesium homeostasis. TRPM7Δkinase heterozygous mice
showed low magnesium concentration in the plasma, erythro-
cytes, and bones. Magnesium impairment was further demon-
strated with data obtained from mice fed a poor magnesium
diet. Mice with TRPM7Δkinase showed clasping, tremor, and
seizures consistent with impairment in magnesium homeosta-
sis. To elucidate the complete functional profile of the TRPM
channel family, Fonfria and colleagues analyzed TRPM7 tem-
poral channel tissue distribution by quantitative PCR [27].
Their study revealed TRPM7 expression in the brain, pituitary,
heart, lung, liver, fetal liver, skeletal muscle, stomach, intes-
tine, spleen, macrophages, adipose, pancreas, prostate, placen-
ta, cartilage, bone marrow, and bone. Highest expression was
in the pituitary, heart, adipose, and bone, and lowest expres-
sion was in cartilage, liver, and bonemarrow [27]. Subsequent
studies employing various techniques with varying sensitivity
confirmed the findings (Table 3) [1, 2, 6, 10, 16, 21, 23, 25,
27, 29, 36, 73, 84, 92, 110, 111, 114, 117, 121]. Thus, TRPA1
and TRPM7 have been shown to be ubiquitous in many tis-
sues and cells. Since the function of these channels was shown
to be tissue specific, the spatial and temporal expressions of
these channels are important clues for the ever growing list of
functions.
What is the significance of the ubiquity of O2 sensor TRP
channels in the body?
It is important to address the primary significance of O2-sens-
ing TRP channels that are ubiquitously expressed in the body.
We suggest that these O2 sensors play key roles in the molec-
ular mechanisms which underlie the O2-sensing ability of che-
moreceptor (or chemoreceptor-like) cells localized ubiquitous-
ly in a variety of tissues and organs. It is possible that TRP O2
sensors detect local O2 availability and contribute to fine tuning
of local O2 levels, which cannot be done by the CB alone, in the
respective organs and tissues and in their subareas. Information
of detected local O2 availability (partial pressure) may be trans-
mitted through neurons, as discussed above and/or humoral
factors to control O2 delivery to peripheral organs and tissues.
Interestingly, TRPA1 acts as sensors for not only hypoxia but
also for hyperoxia, suggesting that at least TRPA1 and other
redox-sensitive TRP channels also transmit negative signals to
suppress excessive O2 delivery responsible for harmful ROS
production. These TRP channels may even contribute to a
mechanism that maintains O2 availability of certain organs/
tissues and their subareas at hypoxic levels compared with
the atmospheric O2 level. It has indeed been reported that hyp-
oxic levels are important in maintaining cellular conditions of
certain types of cells in vivo [24, 75, 76, 98].
The many lines of experimental evidence thus far have led us
to propose the concept of BO2 remodeling^ (Fig. 3). In O2 re-
modeling, O2-sensing chemoreceptors detect deviation of O2
availability and transmit this information to neurons and/or hu-
moral factors, such as vascular endothelial growth factor [57, 93]
to control O2 delivery. Also, according to the types, location, and
condition (including O2 availability itself) of the tissues in the
body, mitochondrial O2 consumption [88] is regulated by mech-
anisms such as the Pasteur effect, which switchesO2 dependence
of ATP production [109]. In the mechanism underlying O2 re-
modeling, O2 sensor TRP channels and redox-sensitive TRP
channels play important roles, together with signaling cascades
controlled by HIF/PHD [91, 112] and also by polysulfide redox
factors [43]. Compared with the roles of HIF/PHD, those of TRP
channels in controlling O2-triggered signaling cascades via sig-
nals of ions such as Ca2+ are still very elusive. As a readout of the
signaling mechanism, O2 availability is adjusted to optimal
levels, which enable sufficient cellular O2 supply for the activity
and function of corresponding organs and tissues and at the same
time, minimized production of excessive ROS and cellular
Sensors for 
Hypoxia/ROS
Signal Pathways
Gene 
Transcription
Sensing the environment 
and cellular conditons
Expression and 
optimizaion of 
biological functions
Regulation of cell fate 
and tissue development
Regulation of O2 environment 
by controling the supply and 
consumption of O2
Fig. 3 Concept of O2 remodeling. Hypoxia/ROS sensors detect
deviation of O2 availability and transmit this information to neurons
and/or humoral factors such as vascular endothelial growth factor to
control O2 delivery. Furthermore, according to types, location, and
cellular condition of tissues in the body, mitochondrial O2 consumption
is regulated by mechanisms such as the Pasteur effect, which switches O2
dependence of ATP production
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damage. It is interesting to speculate that such Bactive^ (not
passive) optimization by O2 remodeling leads to the formation
of a local O2 environment, inwhich population of cells behave as
a unit for homeostasis that is responsible for the regulation of
metabolism and development of organs and tissues in aerobic
organisms, including as human beings (Fig. 4). We should note
that TRPA1 and TRPM7 are not necessarily associated with
control of O2 supply in all organs and tissues, considering their
well-known ability to detect substances other than O2. However,
we still consider it reasonable to expect modification by changes
in O2 availability for cellular responses via these TRP channels
activated by these other triggers.
Conclusion
Identification of O2-sensing TRP channels opens a new area
of oxygen physiology. In particular, wide tissue expression of
O2-sensing TRPA1 and TRPM7 channels is indicative of
Bacute^ O2-sensing capacity in diverse types of cells, tissues,
and organs. This constitutes a considerable departure from the
classical concept of respiratory physiology ascribing the pow-
erful hypoxic chemoreflex solely to CB chemoreceptor exci-
tation [81, 100]. In the case of TRPA1, hyperoxia-induced
activation has been shown through the quantitative character-
ization of oxidation sensitivity of redox-sensitive TRP chan-
nels. The O2-sensingmechanisms involving TRPA1 and other
oxidation-sensitive mechanisms may be important for
maintaining O2 availability at certain hypoxic levels to avoid
unnecessary and excessive production of ROS. In this review,
we have suggested that BO2 remodeling,^ in which cells com-
prising organs and tissues actively form a local in vivo O2
environment optimal for their function in the body, emerges
as a new central concept for oxygen biology. This concept
may allow us to systematically understand numerous physio-
logical phenomena affected by O2 availability in aerobic or-
ganisms. In studying O2 remodeling, it is a tantalizing pros-
pect to discover whether O2-sensing TRP channels are in-
volved in the mechanisms underlying ‘chronic’ forms of hyp-
oxic adaptation. Breakthrough studies on the time-dependent
aspects (acute vs. chronic), as well as the concentration-
dependent aspects (hypoxic vs. hyperoxic) of O2 remodeling
would eventually result in a paradigm shift in our understand-
ing of the biology of O2.
Acknowledgments This work was supported by a Grant-in-Aid for
Scientific Research on Innovative Areas BOxygen biology: a new criteri-
on for integrated understanding of life^ (No. 26111004) of The Ministry
of Education, Culture, Sports, Science and Technology, Japan.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
: Carotid body
: Local O2 remodeling
: O2-sensors
O2
O2
Fig. 4 O2-sensitive receptors are
localized ubiquitously present in a
variety of tissues and organs. It is
possible that TRP O2 sensors
detect local O2 availability and
contribute to fine tuning of local
O2 levels, which cannot be
accomplished by the carotid body
alone, in the respective organs
and tissues and in their subareas
Pflugers Arch - Eur J Physiol (2016) 468:85–97 93
References
1. Aarts M, Iihara K, Wei WL, Xiong ZG, Arundine M, Cerwinski
W, MacDonald JF, Tymianski M (2003) A key role for TRPM7
channels in anoxic neuronal death. Cell 115:863–877. doi:10.
1016/S0092-8674(03)01017-1
2. Abed E, Labelle D, Martineau C, Loghin A, Moreau R (2009)
Expression of transient receptor potential (TRP) channels in hu-
man and murine osteoblast-like cells. Mol Membr Biol 26:146–
158. doi:10.1080/09687680802612721
3. Asai Y, Holt JR, Geleoc GS (2010) A quantitative analysis of the
spatiotemporal pattern of transient receptor potential gene expres-
sion in the developing mouse cochlea. J Assoc Res Otolaryngol
11:27–37. doi:10.1007/s10162-009-0193-8
4. Atoyan R, Shander D, Botchkareva NV (2009) Non-neuronal ex-
pression of transient receptor potential typeA1 (TRPA1) in human
skin. J Invest Dermatol 129:2312–2315. doi:10.1038/jid.2009.58
5. Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus
MJ, Earley TJ, Patapoutian A (2004) Noxious cold ion channel
TRPA1 is activated by pungent compounds and bradykinin.
Neuron 41:849–857. doi:10.1016/S0896-6273(04)00150-3
6. Barritt GJ, Chen J, Rychkov GY (2008) Ca2+-permeable channels
in the hepatocyte plasma membrane and their roles in hepatocyte
physiology. Biochim Biophys Acta 1783:651–672. doi:10.1016/j.
bbamcr.2008.01.016
7. Bautista DM, Jordt SE, Nikai T, Tsuruda PR, Read AJ, Poblete J,
Yamoah EN, Basbaum AI, Julius D (2006) TRPA1 mediates the
inflammatory actions of environmental irritants and proalgesic
agents. Cell 124:1269–1282. doi:10.1016/j.cell.2006.02.023
8. Buch TR, Schafer EA, Demmel MT, Boekhoff I, Thiermann H,
Gudermann T, Steinritz D, Schmidt A (2013) Functional expres-
sion of the transient receptor potential channel TRPA1, a sensor
for toxic lung inhalants, in pulmonary epithelial cells. Chem Biol
Interact 206:462–471. doi:10.1016/j.cbi.2013.08.012
9. Cao DS, Zhong L, Hsieh TH, Abooj M, Bishnoi M, Hughes L,
Premkumar LS (2012) Expression of transient receptor potential
ankyrin 1 (TRPA1) and its role in insulin release from rat pancreatic
beta cells. PLoS One 7, e38005. doi:10.1371/journal.pone.0038005
10. ChengH, Feng JM, FigueiredoML, ZhangH,Nelson PL,MarigoV,
Beck A (2010) Transient receptor potential melastatin type 7 channel
is critical for the survival of bonemarrow derivedmesenchymal stem
cells. Stem Cells Dev 19:1393–1403. doi:10.1089/scd.2009.0262
11. Cho HJ, Callaghan B, Bron R, Bravo DM, Furness JB (2014)
Identification of enteroendocrine cells that express TRPA1 chan-
nels in the mouse intestine. Cell Tissue Res 356:77–82. doi:10.
1007/s00441-013-1780-x
12. Chuang HH, Lin S (2009) Oxidative challenges sensitize the cap-
saicin receptor by covalent cysteine modification. Proc Natl Acad
Sci U S A 106:20097–20102. doi:10.1073/pnas.0902675106
13. Clark K, Langeslag M, van Leeuwen B, Ran L, Ryazanov AG,
Figdor CG, Moolenaar WH, Jalink K, van Leeuwen FN (2006)
TRPM7, a novel regulator of actomyosin contractility and cell
adhesion. EMBO J 25:290–301. doi:10.1038/sj.emboj.7600931
14. Corey DP, Garcia-Anoveros J, Holt JR, Kwan KY, Lin SY,
Vollrath MA, Amalfitano A, Cheung EL, Derfler BH, Duggan
A, Geleoc GS, Gray PA, Hoffman MP, Rehm HL, Tamasauskas
D, Zhang DS (2004) TRPA1 is a candidate for the
mechanosensitive transduction channel of vertebrate hair cells.
Nature 432:723–730. doi:10.1038/nature03066
15. Cross CE, Halliwell B, Borish ET, Pryor WA, Ames BN, Saul RL,
McCord JM,HarmanD (1987)Oxygen radicals and human disease.
Ann Intern Med 107:526–545. doi:10.7326/0003-4819-107-4-526
16. De Clercq K, Held K, Van Bree R, Meuleman C, Peeraer K,
Tomassetti C, Voets T, D'Hooghe T, Vriens J (2015) Functional
expression of transient receptor potential channels in human
endometrial stromal cells during the luteal phase of the menstrual
cycle. Hum Reprod 30:1421–1436. doi:10.1093/humrep/dev068
17. De Sanctis GT, Green FH, Remmers JE (1991) Ventilatory re-
sponses to hypoxia and hypercapnia in awake rats pretreated with
capsaicin. J Appl Physiol (1985) 70:1168–1174
18. Desai BN, Krapivinsky G, Navarro B, Krapivinsky L, Carter BC,
Febvay S, Delling M, Penumaka A, Ramsey IS, Manasian Y,
ClaphamDE (2012) Cleavage of TRPM7 releases the kinase domain
from the ion channel and regulates its participation in Fas-induced
apoptosis. Dev Cell 22:1149–1162. doi:10.1016/j.devcel.2012.04.006
19. Dong HW, Davis JC, Ding S, Nai Q, Zhou FM, Ennis M (2012)
Expression of transient receptor potential (TRP) channel mRNAs
in the mouse olfactory bulb. Neurosci Lett 524:49–54. doi:10.
1016/j.neulet.2012.07.013
20. Du S, Araki I, Yoshiyama M, Nomura T, Takeda M (2007)
Transient receptor potential channel A1 involved in sensory trans-
duction of rat urinary bladder through C-fiber pathway. Urology
70:826–831. doi:10.1016/j.urology.2007.06.1110
21. El Boustany C, Bidaux G, Enfissi A, Delcourt P, Prevarskaya N,
Capiod T (2008) Capacitative calcium entry and transient receptor
potential canonical 6 expression control human hepatoma cell
proliferation. Hepatology 47:2068–2077. doi:10.1002/hep.22263
22. El Karim IA, Linden GJ, Curtis TM, About I, McGahon MK,
Irwin CR, Lundy FT (2011) Human odontoblasts express func-
tional thermo-sensitive TRP channels: implications for dentin sen-
sitivity. Pain 152:2211–2223. doi:10.1016/j.pain.2010.10.016
23. Elizondo MR, Arduini BL, Paulsen J, MacDonald EL, Sabel JL,
Henion PD, Cornell RA, Parichy DM (2005) Defective
skeletogenesiswith kidney stone formation in dwarf zebrafishmutant
for trpm7. Curr Biol 15:667–671. doi:10.1016/j.cub.2005.02.050
24. Endo H, Okuyama H, Ohue M, Inoue M (2014) Dormancy of
cancer cells with suppression of AKT activity contributes to sur-
vival in chronic hypoxia. PLoS One 9, e98858. doi:10.1371/
journal.pone.0098858
25. Everaerts W, Vriens J, Owsianik G, Appendino G, Voets T, De
Ridder D, Nilius B (2010) Functional characterization of transient
receptor potential channels in mouse urothelial cells. Am J Physiol
Renal Physiol 298:F692–701. doi:10.1152/ajprenal.00599.2009
26. Finkel T (2011) Signal transduction by reactive oxygen species. J
Cell Biol 194:7–15. doi:10.1083/jcb.201102095
27. Fonfria E, Murdock PR, Cusdin FS, Benham CD, Kelsell RE,
McNulty S (2006) Tissue distribution profiles of the human
TRPM cation channel family. J Recept Signal Transduct Res 26:
159–178. doi:10.1080/10799890600637506
28. Foster MW, Hess DT, Stamler JS (2006) S-nitrosylation TRiPs a
calcium switch. Nat Chem Biol 2:570–571. doi:10.1038/
nchembio1106-570
29. Gilliam JC, Wensel TG (2011) TRP channel gene expression in
the mouse retina. Vision Res 51:2440–2452. doi:10.1016/j.visres.
2011.10.009
30. Gonzalez C, Almaraz L, Obeso A, Rigual R (1994) Carotid body
chemoreceptors: from natural stimuli to sensory discharges.
Physiol Rev 74:829–898
31. Gratzke C, Streng T, Waldkirch E, Sigl K, Stief C, Andersson KE,
Hedlund P (2009) Transient receptor potential A1 (TRPA1) activ-
ity in the human urethra—evidence for a functional role for
TRPA1 in the outflow region. Eur Urol 55:696–704. doi:10.
1016/j.eururo.2008.04.042
32. GrussM, Ettorre G, Stehr AJ, HenrichM, Hempelmann G, Scholz
A (2006) Moderate hypoxia influences excitability and blocks
dendrotoxin sensitive K+ currents in rat primary sensory neurones.
Mol Pain 2:12. doi:10.1186/1744-8069-2-12
33. Guilbert A, Gautier M, Dhennin-Duthille I, Haren N, Sevestre H,
Ouadid-Ahidouch H (2009) Evidence that TRPM7 is required for
breast cancer cell proliferation. Am J Physiol Cell Physiol 297:
C493–502. doi:10.1152/ajpcell.00624.2008
94 Pflugers Arch - Eur J Physiol (2016) 468:85–97
34. Hanano T, Hara Y, Shi J, Morita H, Umebayashi C, Mori E,
Sumimoto H, Ito Y, Mori Y, Inoue R (2004) Involvement of
TRPM7 in cell growth as a spontaneously activated Ca2+ entry
pathway in human retinoblastoma cells. J Pharmacol Sci 95:403–
419. doi:10.1254/jphs.FP0040273
35. Hara Y, Wakamori M, Ishii M, Maeno E, Nishida M, Yoshida T,
Yamada H, Shimizu S, Mori E, Kudoh J, Shimizu N, Kurose H,
OkadaY, Imoto K,Mori Y (2002) LTRPC2Ca2+-permeable chan-
nel activated by changes in redox status confers susceptibility to
cell death. Mol Cell 9:163–173. doi:10.1016/S1097-2765(01)
00438-5
36. He Y, Yao G, Savoia C, Touyz RM (2005) Transient receptor
potential melastatin 7 ion channels regulate magnesium homeo-
stasis in vascular smooth muscle cells: role of angiotensin II. Circ
Res 96:207–215. doi:10.1161/01.RES.0000152967.88472.3e
37. Heymans JF, Bouckaert JJ, Dautrebande L (1931) Sinus carotidien
et reflexes respiratoires; sensibilitédes sinus carotidiens aux sub-
stances chimiques. Action stimulante respiratoire réflexe du
sulfure de sodium, du cyanure de potassium, de la nicotine et de
la lobéline. Arch Int Pharmacodyn Ther 40:54–91
38. Hinman A, Chuang HH, Bautista DM, Julius D (2006) TRP chan-
nel activation by reversible covalent modification. Proc Natl Acad
Sci U S A 103:19564–19568. doi:10.1073/pnas.0609598103
39. Hiroi T, Wajima T, Negoro T, Ishii M, Nakano Y, Kiuchi Y, Mori
Y, Shimizu S (2013) Neutrophil TRPM2 channels are implicated
in the exacerbation of myocardial ischaemia/reperfusion injury.
Cardiovasc Res 97:271–281. doi:10.1093/cvr/cvs332
40. Hondoh A, Ishida Y, Ugawa S, Ueda T, Shibata Y, Yamada T,
Shikano M, Murakami S, Shimada S (2010) Distinct expression
of cold receptors (TRPM8 and TRPA1) in the rat nodose-petrosal
ganglion complex. Brain Res 1319:60–69. doi:10.1016/j.brainres.
2010.01.016
41. Howe A, Pack RJ, Wise JC (1981) Arterial chemoreceptor-like
activity in the abdominal vagus of the rat. J Physiol 320:309–318.
doi:10.1113/jphysiol.1981.sp013951
42. Huang D, Li S, Dhaka A, Story GM, Cao YQ (2012) Expression
of the transient receptor potential channels TRPV1, TRPA1 and
TRPM8 in mouse trigeminal primary afferent neurons innervating
the dura. Mol Pain 8:66. doi:10.1186/1744-8069-8-66
43. Ida T, Sawa T, Ihara H, Tsuchiya Y, Watanabe Y, Kumagai Y,
Suematsu M, Motohashi H, Fujii S, Matsunaga T, Yamamoto M,
Ono K, Devarie-Baez NO, Xian M, Fukuto JM, Akaike T (2014)
Reactive cysteine persulfides and S-polythiolation regulate oxida-
tive stress and redox signaling. Proc Natl Acad Sci U S A 111:
7606–7611. doi:10.1073/pnas.1321232111
44. Jaquemar D, Schenker T, Trueb B (1999) An ankyrin-like protein
with transmembrane domains is specifically lost after oncogenic
transformation of human fibroblasts. J Biol Chem 274:7325–
7333. doi:10.1074/jbc.274.11.7325
45. Jiang J, Li MH, Inoue K, Chu XP, Seeds J, Xiong ZG (2007)
Transient receptor potential melastatin 7-like current in human
head and neck carcinoma cells: role in cell proliferation. Cancer
Res 67:10929–10938. doi:10.1158/0008-5472.can-07-1121
46. Jin J, Desai BN, Navarro B, Donovan A, Andrews NC, Clapham
DE (2008) Deletion of TRPM7 disrupts embryonic development
and thymopoiesis without altering Mg2+ homeostasis. Science
322:756–760. doi:10.1126/science.1163493
47. Jordt SE, Bautista DM, ChuangHH,McKemyDD, Zygmunt PM,
Hogestatt ED, Meng ID, Julius D (2004) Mustard oils and canna-
binoids excite sensory nerve fibres through the TRP channel
ANKTM1. Nature 427:260–265. doi:10.1038/nature02282
48. Kamakura T, Ishida Y, Nakamura Y, Yamada T, Kitahara T,
Takimoto Y, Horii A, Uno A, Imai T, Okazaki S, Inohara H,
Shimada S (2013) Functional expression of TRPV1 and TRPA1
in rat vestibular ganglia. Neurosci Lett 552:92–97. doi:10.1016/j.
neulet.2013.07.019
49. Katsura H, Tsuzuki K, Noguchi K, Sakagami M (2006)
Differential expression of capsaicin-, menthol-, and mustard oil-
sensitive receptors in naive rat geniculate ganglion neurons. Chem
Senses 31:681–688. doi:10.1093/chemse/bjl009
50. Kim YS, Son JY, Kim TH, Paik SK, Dai Y, Noguchi K, Ahn DK,
Bae YC (2010) Expression of transient receptor potential ankyrin
1 (TRPA1) in the rat trigeminal sensory afferents and spinal dorsal
horn. J Comp Neurol 518:687–698. doi:10.1002/cne.22238
51. Kobayashi K, Fukuoka T, Obata K, Yamanaka H, Dai Y,
Tokunaga A, Noguchi K (2005) Distinct expression of TRPM8,
TRPA1, and TRPV1mRNAs in rat primary afferent neurons with
adelta/c-fibers and colocalization with trk receptors. J Comp
Neurol 493:596–606. doi:10.1002/cne.20794
52. Kozai D, Ogawa N, Mori Y (2014) Redox regulation of transient
receptor potential channels. Antioxid Redox Signal 21:971–986.
doi:10.1089/ars.2013.5616
53. Kozak JA, Kerschbaum HH, Cahalan MD (2002) Distinct prop-
erties of CRAC and MIC channels in RBL cells. J Gen Physiol
120:221–235. doi:10.1085/jgp.20028601
54. Krapivinsky G, Krapivinsky L, Manasian Y, Clapham DE (2014)
The TRPM7 chanzyme is cleaved to release a chromatin-
modifying kinase. Cell 157:1061–1072. doi:10.1016/j.cell.2014.
03.046
55. Kwan KY, Glazer JM, Corey DP, Rice FL, Stucky CL (2009)
TRPA1 modulates mechanotransduction in cutaneous sensory
neurons. J Neurosci 29:4808–4819. doi:10.1523/jneurosci.5380-
08.2009
56. Lee SM, Cho YS, Kim TH, Jin MU, Ahn DK, Noguchi K, Bae
YC (2012) An ultrastructural evidence for the expression of tran-
sient receptor potential ankyrin 1 (TRPA1) in astrocytes in the rat
trigeminal caudal nucleus. J Chem Neuroanat 45:45–49. doi:10.
1016/j.jchemneu.2012.07.003
57. Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N
(1989) Vascular endothelial growth factor is a secreted angiogenic
mitogen. Science 246:1306–1309. doi:10.1126/science.2479986
58. LinMC, HuangYL, Liu HW, Yang DY, Lee JB, Cheng FC (2004)
Microdialysis analyzer and flame atomic absorption spectrometry
in the determination of blood glucose, lactate and magnesium in
gerbils subjected to cerebral ischemia/reperfusion. J Am Coll Nutr
23:556S–560S. doi:10.1080/07315724.2004.10719403
59. Liu X, Cotrim A, Teos L, Zheng C, SwaimW, Mitchell J, Mori Y,
Ambudkar I (2013) Loss of TRPM2 function protects against
irradiation-induced salivary gland dysfunction. Nat Commun 4:
1515. doi:10.1038/ncomms2526
60. Longhurst JC, Tjen ALSC, Fu LW (2001) Cardiac sympathetic
afferent activation provoked by myocardial ischemia and reperfu-
sion. Mechanisms and reflexes. Ann N Y Acad Sci 940:74–95.
doi:10.1111/j.1749-6632.2001.tb03668.x
61. Lopez-Barneo J, Ortega-Saenz P, Pardal R, Pascual A, Piruat JI,
Duran R, Gomez-Diaz R (2009) Oxygen sensing in the carotid
body. AnnNYAcad Sci 1177:119–131. doi:10.1111/j.1749-6632.
2009.05033.x
62. Macpherson LJ, Dubin AE, Evans MJ, Marr F, Schultz PG,
Cravatt BF, Patapoutian A (2007) Noxious compounds activate
TRPA1 ion channels through covalent modification of cysteines.
Nature 445:541–545. doi:10.1038/nature05544
63. Macpherson LJ, Geierstanger BH, Viswanath V, Bandell M, Eid
SR, Hwang S, Patapoutian A (2005) The pungency of garlic:
activation of TRPA1 and TRPV1 in response to allicin. Curr
Biol 15:929–934. doi:10.1016/j.cub.2005.04.018
64. Mergler S, Derckx R, Reinach PS, Garreis F, Bohm A, Schmelzer
L, Skosyrski S, Ramesh N, Abdelmessih S, Polat OK, Khajavi N,
Riechardt AI (2014) Calcium regulation by temperature-sensitive
transient receptor potential channels in human uveal melanoma
cells. Cell Signal 26:56–69. doi:10.1016/j.cellsig.2013.09.017
Pflugers Arch - Eur J Physiol (2016) 468:85–97 95
65. Monteilh-Zoller MK, Hermosura MC, Nadler MJ, Scharenberg
AM, Penner R, Fleig A (2003) TRPM7 provides an ion channel
mechanism for cellular entry of trace metal ions. J Gen Physiol
121:49–60. doi:10.1085/jgp.20028740
66. Mukhopadhyay I, Gomes P, Aranake S, Shetty M, Karnik P,
Damle M, Kuruganti S, Thorat S, Khairatkar-Joshi N (2011)
Expression of functional TRPA1 receptor on human lung fibro-
blast and epithelial cells. J Recept Signal Transduct Res 31:350–
358. doi:10.3109/10799893.2011.602413
67. Nadler MJ, Hermosura MC, Inabe K, Perraud AL, Zhu Q, Stokes
AJ, Kurosaki T, Kinet JP, Penner R, Scharenberg AM, Fleig A
(2001) LTRPC7 is a Mg.ATP-regulated divalent cation channel
required for cell viability. Nature 411:590–595. doi:10.1038/
35079092
68. Nagata K, Duggan A, Kumar G, Garcia-Anoveros J (2005)
Nociceptor and hair cell transducer properties of TRPA1, a chan-
nel for pain and hearing. J Neurosci 25:4052–4061. doi:10.1523/
jneurosci.0013-05.2005
69. Nakashimo Y, Takumida M, Fukuiri T, Anniko M, Hirakawa K
(2010) Expression of transient receptor potential channel vanilloid
(TRPV) 1-4, melastin (TRPM) 5 and 8, and ankyrin (TRPA1) in
the normal and methimazole-treated mouse olfactory epithelium.
Acta Otolaryngol 130:1278–1286. doi:10.3109/00016489.2010.
489573
70. Nassenstein C, Kwong K, Taylor-Clark T, Kollarik M,
Macglashan DM, Braun A, Undem BJ (2008) Expression and
function of the ion channel TRPA1 in vagal afferent nerves inner-
vating mouse lungs. J Physiol 586:1595–1604. doi:10.1113/
jphysiol.2007.148379
71. Neubauer JA, Neubauer JA, Sunderram J (2004) Oxygen-sensing
neurons in the central nervous system. J Appl Physiol (1985) 96:
367–374. doi:10.1152/japplphysiol.00831.2003
72. Nishitani WS, Alencar AM, Wang Y (2015) Rapid and localized
mechanical stimulation and adhesion assay: TRPM7 involvement
in calcium signaling and cell adhesion. PLoS One 10, e0126440.
doi:10.1371/journal.pone.0126440
73. Numata T, Shimizu T, Okada Y (2007) TRPM7 is a stretch- and
swelling-activated cation channel involved in volume regulation
in human epithelial cells. Am J Physiol Cell Physiol 292:C460–
467. doi:10.1152/ajpcell.00367.2006
74. Okada T, Shimizu S, Wakamori M, Maeda A, Kurosaki T, Takada
N, Imoto K, Mori Y (1998) Molecular cloning and functional
characterization of a novel receptor-activated TRP Ca2+ channel
from mouse brain. J Biol Chem 273:10279–10287. doi:10.1074/
jbc.273.17.10279
75. Olsson R, Carlsson PO (2011) A low-oxygenated subpopulation
of pancreatic islets constitutes a functional reserve of endocrine
cells. Diabetes 60:2068–2075. doi:10.2337/db09-0877
76. Pan X, Suzuki N, Hirano I, Yamazaki S, Minegishi N, Yamamoto
M (2011) Isolation and characterization of renal erythropoietin-
producing cells from genetically produced anemia mice. PLoS
One 6, e25839. doi:10.1371/journal.pone.0025839
77. Park CK, KimMS, Fang Z, Li HY, Jung SJ, Choi SY, Lee SJ, Park
K, Kim JS, Oh SB (2006) Functional expression of thermo-
transient receptor potential channels in dental primary afferent
neurons: implication for tooth pain. J Biol Chem 281:17304–
17311. doi:10.1074/jbc.M511072200
78. Perraud AL, Takanishi CL, Shen B, Kang S, Smith MK, Schmitz
C, Knowles HM, Ferraris D, Li W, Zhang J, Stoddard BL,
Scharenberg AM (2005) Accumulation of free ADP-ribose from
mitochondria mediates oxidative stress-induced gating of TRPM2
cation channels. J Biol Chem 280:6138–6148. doi:10.1074/jbc.
M411446200
79. Pflüger E (1868) Ueber die Ursache der Athembewegungen,
sowie der Dyspnoё und Apnoё. Pflügers Arch Gesamte Physiol
Meschen Tiere 1:61–106
80. Philipp S, Hambrecht J, Braslavski L, Schroth G, Freichel M,
MurakamiM, Cavalie A, Flockerzi V (1998) A novel capacitative
calcium entry channel expressed in excitable cells. EMBO J 17:
4274–4282. doi:10.1093/emboj/17.15.4274
81. Pokorski M, Takeda K, Sato Y, Okada Y (2014) The hypoxic
ventilatory response and TRPA1 antagonism in conscious mice.
Acta Physiol (Oxf) 210:928–938. doi:10.1111/apha.12202
82. Poole DP, Pelayo JC, Cattaruzza F, Kuo YM, Gai G, Chiu JV,
Bron R, Furness JB, Grady EF, Bunnett NW (2011) Transient
receptor potential ankyrin 1 is expressed by inhibitory motoneu-
rons of the mouse intestine. Gastroenterology 141:565–575. doi:
10.1053/j.gastro.2011.04.049, 575 e561-564
83. Ro JY, Lee JS, Zhang Y (2009) Activation of TRPV1 and TRPA1
leads to muscle nociception and mechanical hyperalgesia. Pain
144:270–277. doi:10.1016/j.pain.2009.04.021
84. Runnels LW, Yue L, Clapham DE (2001) TRP-PLIK, a bifunc-
tional protein with kinase and ion channel activities. Science 291:
1043–1047. doi:10.1126/science.1058519
85. Ryazanova LV, Rondon LJ, Zierler S, Hu Z, Galli J, Yamaguchi
TP, Mazur A, Fleig A, Ryazanov AG (2010) TRPM7 is essential
for Mg2+ homeostasis in mammals. Nat Commun 1:109. doi:10.
1038/ncomms1108
86. Sahni J, Scharenberg AM (2008) TRPM7 ion channels are re-
quired for sustained phosphoinositide 3-kinase signaling in lym-
phocytes. Cell Metab 8:84–93. doi:10.1016/j.cmet.2008.06.002
87. Salazar H, Llorente I, Jara-Oseguera A, Garcia-Villegas R,Munari
M, Gordon SE, Islas LD, Rosenbaum T (2008) A single N-
terminal cysteine in TRPV1 determines activation by pungent
compounds from onion and garlic. Nat Neurosci 11:255–261.
doi:10.1038/nn2056
88. Sato Y, Endo H, Okuyama H, Takeda T, Iwahashi H, Imagawa A,
Yamagata K, Shimomura I, Inoue M (2011) Cellular hypoxia of
pancreatic beta-cells due to high levels of oxygen consumption for
insulin secretion in vitro. J Biol Chem 286:12524–12532. doi:10.
1074/jbc.M110.194738
89. Schilling T, Miralles F, Eder C (2014) TRPM7 regulates prolifer-
ation and polarisation of macrophages. J Cell Sci 127:4561–4566.
doi:10.1242/jcs.151068
90. Schmitz C, Perraud AL, Johnson CO, Inabe K, SmithMK, Penner
R, Kurosaki T, Fleig A, Scharenberg AM (2003) Regulation of
vertebrate cellular Mg2+ homeostasis by TRPM7. Cell 114:191–
200. doi:10.1016/S0092-8674(03)00556-7
91. Schofield CJ, Ratcliffe PJ (2004) Oxygen sensing by HIF hydrox-
ylases. Nat Rev Mol Cell Biol 5:343–354. doi:10.1038/nrm1366
92. Schweigel M, Kolisek M, Nikolic Z, Kuzinski J (2008)
Expression and functional activity of the Na/Mg exchanger,
TRPM7 and MagT1 are changed to regulate Mg homeostasis
and transport in rumen epithelial cells. Magnes Res 21:118–123.
doi:10.1684/mrh.2008.0137
93. Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS,
Dvorak HF (1983) Tumor cells secrete a vascular permeability
factor that promotes accumulation of ascites fluid. Science 219:
983–985. doi:10.1126/science.6823562
94. Siesjo BK, Katsura K, Tibor K (1996) Acidosis related brain dam-
age in advances in neurology. In: Siesjo BK, Wieloch T (eds)
Cellular and molecular mechanisms of ischemic brain damage.
Raven, New York, pp 209–236
95. Silver IA, Erecinska M (1990) Intracellular and extracellular
changes of [Ca2+] in hypoxia and ischemia in rat brain in vivo. J
Gen Physiol 95:837–866. doi:10.1085/jgp.95.5.837
96. Smith MP, Beacham D, Ensor E, Koltzenburg M (2004) Cold-
sensitive, menthol-insensitive neurons in the murine sympathetic
nervous system. Neuroreport 15:1399–1403. doi:10.1097/01.wnr.
0000126559.35631.54
97. Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR,
Earley TJ, Hergarden AC, Andersson DA, Hwang SW, McIntyre
96 Pflugers Arch - Eur J Physiol (2016) 468:85–97
P, Jegla T, Bevan S, Patapoutian A (2003) ANKTM1, a TRP-like
channel expressed in nociceptive neurons, is activated by cold
temperatures. Cell 112:819–829. doi:10.1016/S0092-8674(03)
00158-2
98. Suda T, Takubo K, Semenza GL (2011) Metabolic regulation of
hematopoietic stem cells in the hypoxic niche. Cell Stem Cell 9:
298–310. doi:10.1016/j.stem.2011.09.010
99. Sun HS, Jackson MF, Martin LJ, Jansen K, Teves L, Cui H,
Kiyonaka S, Mori Y, Jones M, Forder JP, Golde TE, Orser BA,
Macdonald JF, Tymianski M (2009) Suppression of hippocampal
TRPM7 protein prevents delayed neuronal death in brain ische-
mia. Nat Neurosci 12:1300–1307. doi:10.1038/nn.2395
100. Takahashi N, Kozai D, Mori Y (2012) TRP channels: sensors and
transducers of gasotransmitter signals. Front Physiol 3:324. doi:
10.3389/fphys.2012.00324
101. Takahashi N, Kuwaki T, Kiyonaka S, Numata T, Kozai D,Mizuno
Y, Yamamoto S, Naito S, Knevels E, Carmeliet P, Oga T, Kaneko
S, Suga S, Nokami T, Yoshida J, Mori Y (2011) TRPA1 underlies
a sensing mechanism for O2. Nat Chem Biol 7:701–711. doi:10.
1038/nchembio.640
102. Takahashi N, Mizuno Y, Kozai D, Yamamoto S, Kiyonaka S,
Shibata T, Uchida K, Mori Y (2008) Molecular characterization
of TRPA1 channel activation by cysteine-reactive inflammatory
mediators. Channels (Austin) 2:287–298. doi:10.4161/chan.2.4.
6745
103. Takahashi N, Mori Y (2011) TRP channels as sensors and signal
integrators of redox status changes. Front Pharmacol 2:58. doi:10.
3389/fphar.2011.00058
104. Togashi K, Hara Y, Tominaga T, Higashi T, Konishi Y, Mori Y,
Tominaga M (2006) TRPM2 activation by cyclic ADP-ribose at
body temperature is involved in insulin secretion. EMBO J 25:
1804–1815. doi:10.1038/sj.emboj.7601083
105. Tsumura M, Sobhan U, Sato M, Shimada M, Nishiyama A,
Kawaguchi A, Soya M, Kuroda H, Tazaki M, Shibukawa Y
(2013) Functional expression of TRPM8 and TRPA1 channels
in rat odontoblasts. PLoS One 8, e82233. doi:10.1371/journal.
pone.0082233
106. Tsutsumi T, Kajiya H, Fukawa T, Sasaki M, Nemoto T, Tsuzuki T,
Takahashi Y, Fujii S, Maeda H, Okabe K (2013) The potential role
of transient receptor potential type A1 as a mechanoreceptor in
human periodontal ligament cells. Eur J Oral Sci 121:538–544.
doi:10.1111/eos.12083
107. Uchida K, Dezaki K, Damdindorj B, Inada H, Shiuchi T, Mori Y,
Yada T, Minokoshi Y, Tominaga M (2011) Lack of TRPM2 im-
paired insulin secretion and glucose metabolisms in mice.
Diabetes 60:119–126. doi:10.2337/db10-0276
108. Uckert S, Sonnenberg JE, Albrecht K, Kuczyk MA, Hedlund P
(2015) Expression and distribution of the transient receptor poten-
tial cationic channel ankyrin 1 (TRPA1) in the human vagina. Int J
Impot Res 27:16–19. doi:10.1038/ijir.2014.23
109. Vander Heiden MG, Cantley LC, Thompson CB (2009)
Understanding the Warburg effect: the metabolic requirements
of cell proliferation. Science 324:1029–1033. doi:10.1126/
science.1160809
110. Vandewauw I, Owsianik G, Voets T (2013) Systematic and quan-
titative mRNA expression analysis of TRP channel genes at the
single trigeminal and dorsal root ganglion level in mouse. BMC
Neurosci 14:21. doi:10.1186/1471-2202-14-21
111. Wang HP, Pu XY, Wang XH (2007) Distribution profiles of tran-
sient receptor potential melastatin-related and vanilloid-related
channels in prostatic tissue in rat. Asian J Androl 9:634–640.
doi:10.1111/j.1745-7262.2007.00291.x
112. Webb JD, Coleman ML, Pugh CW (2009) Hypoxia, hypoxia-
inducible factors (HIF), HIF hydroxylases and oxygen sensing.
Cell Mol Life Sci 66:3539–3554. doi:10.1007/s00018-009-0147-7
113. Wei C, Wang X, Chen M, Ouyang K, Song LS, Cheng H (2009)
Calcium flickers steer cell migration. Nature 457:901–905. doi:10.
1038/nature07577
114. WeiWL, Sun HS, OlahME, Sun X, Czerwinska E, CzerwinskiW,
Mori Y, Orser BA, Xiong ZG, Jackson MF, Tymianski M,
MacDonald JF (2007) TRPM7 channels in hippocampal neurons
detect levels of extracellular divalent cations. Proc Natl Acad Sci
U S A 104:16323–16328. doi:10.1073/pnas.0701149104
115. Weir EK, Lopez-Barneo J, Buckler KJ, Archer SL (2005) Acute
oxygen-sensing mechanisms. N Engl J Med 353:2042–2055. doi:
10.1056/NEJMra050002
116. Weissmann N, Dietrich A, Fuchs B, Kalwa H, Ay M, Dumitrascu
R, Olschewski A, Storch U, Mederos y Schnitzler M, Ghofrani
HA, Schermuly RT, Pinkenburg O, Seeger W, Grimminger F,
Gudermann T (2006) Classical transient receptor potential channel
6 (TRPC6) is essential for hypoxic pulmonary vasoconstriction
and alveolar gas exchange. Proc Natl Acad Sci U S A 103:
19093–19098. doi:10.1073/pnas.0606728103
117. Wykes RC, Lee M, Duffy SM, Yang W, Seward EP, Bradding P
(2007) Functional transient receptor potential melastatin 7 chan-
nels are critical for human mast cell survival. J Immunol 179:
4045–4052. doi:10.4049/jimmunol.179.6.4045
118. Xu SZ, Sukumar P, Zeng F, Li J, Jairaman A, English A, Naylor J,
Ciurtin C, Majeed Y, Milligan CJ, Bahnasi YM, Al-Shawaf E,
Porter KE, Jiang LH, Emery P, Sivaprasadarao A, Beech DJ
(2008) TRPC channel activation by extracellular thioredoxin.
Nature 451:69–72. doi:10.1038/nature06414
119. Yamamoto S, Shimizu S, Kiyonaka S, Takahashi N, Wajima T,
Hara Y, Negoro T, Hiroi T, Kiuchi Y, Okada T, Kaneko S, Lange I,
Fleig A, Penner R, Nishi M, Takeshima H, Mori Y (2008)
TRPM2-mediated Ca2+ influx induces chemokine production in
monocytes that aggravates inflammatory neutrophil infiltration.
Nat Med 14:738–747. doi:10.1038/nm1758
120. Yoshida T, Inoue R, Morii T, Takahashi N, Yamamoto S, Hara Y,
Tominaga M, Shimizu S, Sato Y, Mori Y (2006) Nitric oxide
activates TRP channels by cysteine S-nitrosylation. Nat Chem
Biol 2:596–607. doi:10.1038/nchembio821
121. Zhang YH, Sun HY, Chen KH, Du XL, Liu B, Cheng LC, Li X,
Jin MW, Li GR (2012) Evidence for functional expression of
TRPM7 channels in human atrial myocytes. Basic Res Cardiol
107:282. doi:10.1007/s00395-012-0282-4
122. Zhong Z, Zhai Y, Liang S, Mori Y, Han R, Sutterwala FS, Qiao L
(2013) TRPM2 links oxidative stress to NLRP3 inflammasome
activation. Nat Commun 4:1611. doi:10.1038/ncomms2608
123. Zhou W, Guo S, Xiong Z, Liu M (2014) Oncogenic role and
therapeutic target of transient receptor potential melastatin 7 chan-
nel in malignancy. Expert Opin Ther Targets 18:1177–1196. doi:
10.1517/14728222.2014.940894
Pflugers Arch - Eur J Physiol (2016) 468:85–97 97
